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We present a study of the lattice dynamical properties of Mn;_ Fe,Si with 0 < x < 0.22. Employing time-
of-flight neutron spectroscopy and inelastic x-ray scattering, we investigate the doping dependence of phonon
energies, Eyp, and linewidths, I'y,. We find anomalous softening and broadening of a phonon mode propagating
along the [111] direction. Ab initio lattice dynamical calculations link this softening to an enhanced electron-
phonon coupling due to the doping-dependent changes of the Fermi surface. We discuss an interplay of increased
electron-phonon coupling and reduced ordered magnetic moments in Mn, _,Fe, Si.

DOI: 10.1103/PhysRevB.109.184306

I. INTRODUCTION

The family of transition-metal monosilicides (TM-Si)
Mn,_,Fe,Si crystallizing in the cubic B20 structure (#198)
hosts rich physics associated with the spin and charge degrees
of freedom. The realization of magnetic skyrmions as the
first example of topologically protected spin textures in the
cubic chiral magnet MnSi [1] has opened a new avenue for
spintronic applications [2]. On the other hand, suppression of
helical magnetic order in MnSi via pressure has led to the
discovery of novel states of matter such as partial magnetic
order [3] and a non-Fermi liquid without quantum criticality
[4]. The same magnetic order is continuously suppressed by
substitutional doping of MnSi with Fe yielding a magnetic
quantum critical point at the critical concentration x'® ~ 0.17
[5-7]. Recent ab initio calculations predict that TM-Si com-
pounds (TM = Fe, Co, Mn, Re, Ru) host topological bulk and
surface phonons [8].

While magnetic properties of Mn; _,Fe,Si atx < 0.22 have
been studied in detail by elastic and inelastic neutron scatter-
ing (INS), knowledge about the lattice dynamical properties is
limited. Raman scattering was used to study the end members
of the series, MnSi [9] and FeSi [10]. The latter has been
investigated more closely by INS because of its unusual non-
magnetic ground state. Indeed, phonon renormalization upon
heating has been observed [11] in FeSi powder samples. In
studies of single-crystalline FeSi, the sensitivity of a particular
phonon mode propagating along the [111] direction to the
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temperature-induced magnetic fluctuations was reported [12]
followed by a recent more comprehensive analysis of INS
data [13]. This magnetically induced phonon renormalization
in FeSi motivated us to investigate the lattice dynamics in
helimagnetic Mn;_,Fe,Si. The high sensitivity of the mag-
netic phenomena to extrinsic parameters such as chemical
pressure/doping and the absence of sudden structural changes
make this compound series ideal for scrutinizing lattice dy-
namical properties.

II. EXPERIMENTAL AND CALCULATIONAL DETAILS

The lattice constants of Mn;_,Fe,Si were determined on
samples prepared from polycrystalline rods [14] by means
of Rietveld refinements of data collected on a Huber G670
diffractometer in Guinier geometry with Mo Ko radia-
tion. To investigate lattice dynamics in single-crystalline
Mn, _,Fe,Si, we employed neutron time-of-flight (TOF) and
high-resolution inelastic x-ray scattering (IXS) for various
doping levels 0 < x < 0.22. The single-crystalline sam-
ples were grown using the Bridgeman method [7,15] (x =
0, 0.09) and the optical floating-zone technique [16,17] (x =
0.16,0.19, 0.22). Neutron TOF scattering experiments were
performed on the MERLIN spectrometer located at the ISIS
neutron facility, Rutherford Appleton Laboratory [18]. Exper-
imental raw data are available for download [19]. Samples
were aligned with the [110]-[001] plane being horizontal.
Measurements were done in HORACE mode [20] rotating the
sample over 70° around the vertical axis. IXS experiments
were carried out at the HERIX spectrometer, beamline 30-ID
located at the Advanced Photon Source, Argonne National

©2024 American Physical Society
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FIG. 1. (a) Lattice constant of Mn;_,Fe,Si determined by XRD
performed at 7 = 280 K. The line is a linear fit to the data. The inset
displays the cubic unit cell of Mn,_,Fe,Si (space group No. 198).
(b) Expected hardening of phonons (normalized at x = 0) because
of the decreasing value of the lattice constant with doping (see text,
calculated with a Griineisen parameter y; = 2). Red asterisks denote
the doping values that were investigated by inelastic neutron and/or
X-ray spectroscopy.

Laboratory. IXS energy scans were performed at constant
wave vector Q = T 4 ¢, where 7 is a reciprocal lattice point
and ¢ is the phonon wave vector in the first Brillouin zone
(BZ). Phonon excitations were approximated by damped
harmonic oscillator (DHO) functions convoluted with the
experimental resolution function. The electronic and lattice
dynamical properties were calculated via density-functional
perturbation theory (DFPT) as implemented in the mixed
basis pseudopotential (MBPP) code. Calculations were done
including collinear spin polarization predicting the ordered
magnetic moment. It is known that such calculations over-
estimate the ordered moment. Therefore, we also calculated
the electronic properties via the full-potential linearized aug-
mented plane-wave (LAPW) method implemented in the ELK
code. Here, we applied a spin-scaling factor (ssxc) in the
exchange-correlation potential to fix the ordered magnetic
moment to the experimental one. More details on the experi-
mental and theoretical techniques are discussed in Appendixes
A, B,and C.

III. RESULTS—EXPERIMENT

The phonon energies represent the binding strength be-
tween the atoms. Therefore, we typically expect that phonon
energies increase, i.e., harden when the lattice constants
shrink, for instance when the crystal temperature is lowered
[13]. For Mn;_,Fe,Si, the lattice constants decrease by about
0.4% near room temperature in the doping range 0 < x <
0.22 [Fig. 1(a)]. Though chemical substitution can have more
profound effects than only changing the lattice constants, the
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FIG. 2. (a), (b), and (c) exhibit observed neutron-scattering in-
tensities (color-coded: bright yellow, high; dark blue, low) along
Q=1[¢,¢,¢1,25<¢<4.0 at T =300 K in Mn,_,Fe,Si, with (a)
x =20, (b) 0.09, and (c) 0.16. Solid and dashed lines denote calcu-
lated dispersions with and without spin polarization, respectively.
Calculations shown in (b) and (c) were done for x = 0.10 and 0.15,
respectively. (d)—(f) Intensities at the R point averaged for wave
vectors Q = (H, H, H) and H = 2.5 and 3.5 [marked by rectangular
boxes in (a)—(c)] for x =0, 0.09, and 0.16, respectively. The fits
(solid lines) consist of Gaussian peaks (dashed lines) on top of a
linear background (thick solid lines). Labels R1 and R2 mark the
peaks subsequently investigated by IXS. Gray peaks were identified
as the background signal in MnSi (see text) and approximated with
fixed values for the energy and width for x = 0.09 and 0.16.

simple expectation of phonon hardening for decreasing lattice
constants is often found true when the masses of the sub-
stituted elements are similar and electronic effects are small
[21-23]. Thus, in the absence of electron-phonon-coupling
effects, we would expect a typical hardening of the phonon
energies of 2.2% for 0 < x < 0.22 using a Griineisen param-
eter of 2 [Fig. 1(b)]. Indeed, we show in Appendix C that
such an increase is predicted for the average phonon energy
@ = [wF (w)dw in our nonmagnetic calculations featuring
negligible coupling between electrons and phonons [F(w):
phonon density of states].

Figures 2(a)-2(c) show neutron-scattering intensities along
the [111] direction. INS (as well as IXS; see below) data in
Mn,_,Fe,Si generally show complex intensity distributions
because lattice excitations with finite structure factors are
close in energy and often cannot be analyzed separately. Only
a few high-symmetry points such as the zone boundary along
the [111] direction, i.e., the R point at q = (0.5, 0.5, 0.5),
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offer clear phonon spectra with well-separated peaks. There
are four longitudinal phonon modes distributed over nearly 40
meV at the R point [Fig. 2(d)]. The R point will be the focus of
our analysis where we observe anomalous phonon softening
and broadening in one of the modes at this point in reciprocal
space (see below).

We analyze neutron TOF data combined from R points at
Q=(2.5,2.5,2.5)and (3.5,3.5,3.5) forx = 0 [Fig. 2(d)], x =
0.09 [Fig. 2(e)], and x = 0.16 [Fig. 2(f)]. Both spectra feature
the same four phonon peaks and can be added together for
better statistics. In MnSi, the peaks are well separated and can
be analyzed in detail [Fig. 2(d)]. The data for Mng 9;Fe g9Si
and Mny g4Fey 1651 show larger statistical error bars that result
from the strongly reduced sample mass of m =~ 20 and 6 g,
respectively, compared to m &~ 52 g for the MnSi single crys-
tal used also in a previous investigation [15]. Nevertheless,
we find that the two lowest modes, which we call R1 (Eg, <
25 meV) and R2 (Eg, ~ 30 meV) for simplicity, overlap more
strongly in our data for x = 0.16 than for x = 0. The R1
mode seems to soften and broaden as a function of doping
[Figs. 2(d)-2(f)]. However, the low statistics for the doped
samples as well as some additional backscattering around 14
and 35 meV [gray peaks in Figs. 2(d)-2(f); see Appendix A
and Table I for more details] make a precise analysis difficult.

Therefore, we performed IXS experiments on single crys-
tals of Mn,_,Fe,Si with x = 0, 0.09, 0.16, 0.19, and 0.22 as
IXS offers both better energy resolution (AExs = 1.4 meV)
and better momentum resolution (Agixs = 0.09 A~") than
the MERLIN spectrometer (AEns &~ 3.8 meV at E =20
meV; Agmns = 0.27 A-! for data shown in this report) for
our investigation. IXS spectra taken at the R point, Q =
(2.5,2.5,2.5) [Fig. 3(a)], and close to I', Q = (2,2, 0.05)
[Fig. 3(b)] show well-defined lattice excitations and permit
a straightforward analysis [symbols in Figs. 3(c) and 3(d)].
Phonon spectra collected at other high-symmetry points, i.e.,
M at q = (0.5,0.5,0) and X at q = (0.5, 0, 0), can be found
in Appendix B (Figs. 5 and 6). In comparison to the expected
hardening [straight solid line in Fig. 3(c)], we find a diverse
behavior of the I'- and R-point phonons [symbols in Fig. 3(c)].
The I'l and R2 modes have an essentially doping-independent
energy whereas the I'2 mode hardens by about 4%. The R1
mode softens by about 5% and, thus, IXS corroborates what
the neutron TOF data indicated.

The resolution function in IXS experiments is practically
independent of the energy transfer (see Appendix B) and
therefore is well suited for the investigation of zone bound-
ary phonons with flat dispersions. Thus, we can deduce the
linewidth of the DHO function representing the intrinsic prop-
erties of a phonon [symbols in Fig. 3(d)]. The linewidth of
the modes close to the zone center stays unchanged under
increasing x, whereas the linewidths increase for the modes
around the R point. The increase of the R1 mode’s linewidth
is more than twice as large as that measured for the R2 mode.

The linewidth I" of a phonon is proportional to the inverse
of its lifetime 7. In the harmonic limit, T is infinite and the
phonon excitations observed in an energy scan via INS or IXS
are resolution limited. In real materials, the phonon lifetime is
affected by lattice anharmonicity but also disorder can reduce
7 and increase I'. In metals, the coupling between electrons
and phonons, well known for mediating conventional super-
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FIG. 3. (a),(b) IXS spectra taken at the R point, Q=
(2.5,2.5,2.5), and close to the I' point, Q = (2, 2, 0.05), respec-
tively, for Mn;_,Fe,Si, x = 0 and 0.22, and T = 300 K. The solid
lines are fits to the data consisting of DHO functions convoluted
with the experimental resolution on top of a linear background. (c)
Doping dependence of phonon energies, Ey, (normalized at x = 0)
obtained from our analysis (symbols). Solid and short-dashed lines
refer to DFPT calculations for the modes given in the legend. The
dash-dotted line corresponds to the solid line with the calculated
softening reduced by a factor of 6. The straight line in (c) denotes
the expected evolution based on experimental lattice constants and
a typical Griineisen parameter of 2. (d) Phonon linewidth of the
approximated DHO functions (symbols) compared to the calculated
linewidth due to EPC (lines) for the two R and I modes.

conductivity, can also reduce the excitations’ lifetime. Here,
we argue that electron-phonon coupling (EPC) is the most
likely cause of the observed softening and broadening of the
R1 mode. Changes in the lattice constants typically affect all
phonons the same way and yield harder phonon energies for
increasing doping values in Mn;_,Fe,Si. Thus, the structural
evolution with doping cannot explain the softening of the R1
mode. Chemical disorder introduced by doping could lead to
increasing phonon linewidths. But, again, one expects this
to be a general trend and not mode selective. On the other
hand, EPC is well known to be highly mode—as well as
momentum—selective.

IV. RESULTS—THEORY

Our experimental results show that the doping dependence
of phonon energies in Mn,_,Fe,Si is more complex than the
simple hardening estimated based on the evolution of the lat-
tice constants [see Fig. 3(c)]. Previous work [24] showed that
phonon dispersions in undoped MnSi are well described by ab
initio calculations based on DFPT. Further, it was reported that
spin-polarized calculations predicting a ferromagnetic ground
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state show a slightly improved agreement compared to non-
magnetic calculations.

Here, we present equivalent spin-polarized and nonmag-
netic calculations that were extended to Mn;_,Fe,Si for
x =0.05, 0.1, 0.15, and 0.2 via the self-consistent virtual
crystal approximation [21,25] (see Appendix C for details).
The results for the phonon dispersion calculated with (solid
lines) and without (dashed lines) spin polarization are over-
laid with experimental data in Figs. 2(a)-2(c). Only branches
with longitudinal symmetry are shown due to all other modes
exhibiting zero structure factors. We find good agreement
between experiment and theory similar to previous work [24].
The differences between the nonmagnetic and spin-polarized
calculations [dashed and solid lines in Figs. 2(a)-2(c), respec-
tively] are small at most wave vectors with the prominent
exception of the R1 mode in the spin-polarized calculations.
The nonmagnetic calculations predict hardening whereas the
spin-polarized theory shows a large softening as a function
of doping. As we will show below, the predicted softening
of the R1 mode is due to an enhanced EPC as evidenced
by an increase of the phonon linewidth. In the nonmagnetic
calculations, EPC is small in MnSi and even decreases with
Fe doping. Thus, we find, similar to our previous work in
FeSi [12], that spin-polarized calculations capture anomalous
lattice dynamics in Mn;_,Fe,Si and discuss only results from
such magnetic calculations in the following.

Ab initio lattice dynamical calculations take the phonon
eigenvectors into account and offer additional insights on
the evolution of the phonon properties under doping, going
beyond the general hardening estimated from the evolution
of the lattice constants. Furthermore, we can compute ygl’)é,
the electronic contribution to the linewidth of a phonon in the
dispersion branch A and wave vector ¢, as

gi

2
Ve =mwp ) [s [ —ep)dler g —er) (D)
k

with the EPC matrix element g';%iq :
joint density of states (eJDOS), defined by Z]; d(e; —€r)
3(e; +g T €F ).

Corresponding calculations for the doping-dependent
phonon energies and linewidths are overplotted with the
results deduced from IXS in Figs. 3(c) and 3(d). Theory
correctly predicts the trends of harder, nearly constant, and
softer phonon energies with doping for the I'2, the I'l and R2
modes, and the R1 mode, respectively. However, the softening
of the R1 mode is overestimated by a factor of 6 [see the solid
blue and dash-dotted blue lines in Fig. 3(c)]. Regarding the
calculated linewidths, we find that the trends as a function of
doping are correct for the R1, R2, and I'2 modes. For I'1 it is
opposite but we note that both predictions and observations
for all modes except R1 feature only small changes of the
linewidth of 0.25 meV or less over the whole doping range
investigated. For the R1 mode we predict a larger broadening
of nearly 1 meV over the investigated doping range in com-
parison to an experimentally observed broadening of 0.5 meV
[blue symbols and solid line in Fig. 3(d)].

Summarizing, our calculations generally are in good qual-
itative agreement with our experimental findings and further
corroborate that doping-dependent EPC softens and broadens
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FIG. 4. (a) Electronic joint density of states (eJDOS) along I'-
R-T" calculated via free-moment DFT for x = 0, 0.15, and 0.2 in
Mn, _,Fe,Si. Up arrow indicates that only one spin channel (majority
spin) contributes. (b) Doping dependence of the momentum-resolved
EPC constant 1, at the R, M, and X high-symmetry points predicted
by the free-moment DFPT calculations. Solid lines are guides to
the eye. (c) eJDOS predicted by fixed-moment DFT calculations for
x =0 and 0.15. Dashed lines represent results with contributions
from spin-up and spin-down states at the Fermi surface. Solid lines
show the results only for electronic states of the majority spin-up
direction.

the R1 mode. However, the predicted phonon renormalization
is stronger than observed.

The lattice dynamical calculations offer a deeper look into
the origin of the phonon renormalization in Mn,_,Fe,Si. yg]‘fc
is governed by the intrinsic coupling strength of the phonon

mode given by ggqlz and the eJDOS, which is often also
referred to as the Fermi surface (FS) nesting function [26]
and related to the imaginary part of the electronic suscepti-
bility [27]. We show the calculated eJDOS along I'-R-T" in
Fig. 4(a). We note that our ab initio calculations predict a
fully polarized electronic band structure. Thus, the eJDOS
originates only from the majority spin-up channel. The cal-
culations predict a clear increase of the eJDOS at the R point,
q = (0.5,0.5,0.5), with doping and a strong FS nesting for
x = 0.2 (eJDOSg 1=0.2/€JDOSg, y—o ~ 3.8). The momentum-
resolved EPC constant A4 at wave vectors corresponding
to the R, M, and X points reveals a strong increase at R
with x (Ag x=02/Arx=0 ~ 3.5), a moderate increase at M, and
nearly constant value at X [Fig. 4(b)]. Thus, we conclude that
the phonon broadening at R is, within DFPT calculations,
driven by the eJDOS and the calculated band structure of
Mny sFe ,Si features a strong FS nesting.

However, it is a known shortcoming of standard density-
functional theory (DFT) calculations to overestimate the
ordered magnetic moment by a factor of about 2.5. For in-
stance, our calculations predict an ordered moment of 1.0 ug
per Mn whereas a value of 0.41py is observed [6,17] (see
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Table II and Appendix C). Recently, the FS of MnSi was
investigated by de Haas—van Alphen measurements [28].
Corresponding calculations with the ordered magnetic mo-
ment fixed to the experimental value of 0.41u; per Mn ion
reproduced the experimentally deduced FS very well. Thus,
we compared our calculated Fermi surface for MnSi
[Fig. 9(a)] with the reported one [28] and found clear discrep-
ancies. We were able to reproduce the reported Fermi surface
employing the full-potential LAPW method implemented in
the ELK code [Figs. 8(c) and 8(e)]. Here, we use a spin-scaling
factor (ssxc) in the exchange-correlation potential to fix the
ordered moment to the observed value (for details, see Ap-
pendix C and Fig. 7). In the spin-scaled-moment calculations,
both spin channels contribute to the eJDOS shown in Fig. 4(c)
along the I'-R-T" direction. Here, the eJDOS at the R point
increases with doping only by a factor of about 2.1 in the
spin-up channel [solid lines in Fig. 4(c)]. Thus, the increase of
the eJDOS with Fe doping indicates an increase of EPC also in
spin-scaled-moment calculations. The reduced strength of the
FS nesting feature is in line with the smaller phonon renormal-
ization observed experimentally. Unfortunately, a full lattice
dynamical calculation including EPC based on this altered
electronic band structure is not yet implemented in the code
and, thus, beyond the scope of this work. But we expect that
calculations based on the spin-scaled-moment band structure
will show a reduced softening of the R1 mode compared to
that predicted in the standard free-moment DF(P)T.

To conclude, our lattice dynamical calculations point to-
wards a FS nesting developing with doping as the origin of the
increasing EPC in Mn,_,Fe,Si. Although the effect is over-
estimated, calculations with a spin-scaled ordered magnetic
moment predict a more modest but still significant increase of
the eJDOS at the R point.

V. DISCUSSION

The R1 phonon featuring the anomalous softening and
broadening as a function of Fe doping [see Fig. 3(c)] is the
same for which an anomalous softening and broadening as
a function of temperature was observed in FeSi [13,29]. In
contrast to FeSi, the anomalous behavior for Mn,_,Fe,Si
does not extend to the R2 nor to the I'l modes, which is in
agreement with our lattice dynamical calculations. Comparing
our results to those of FeSi, one has to keep in mind that the
extended phonon softening in FeSi in the temperature range
T =100 — 300 K is due to metallization, i.e., an increased
screening of the interatomic forces at the crossover from
a low-temperature insulating to a high-temperature metallic
phase [11,13,30]. For Mn;_,Fe,Si, the resistivity at room
temperature increases with doping [31] and, thus, an increased
screening cannot explain the observed softening.

A similarity to FeSi is that lattice dynamical calculations
only capture qualitatively the observed anomalies if per-
formed with spin polarization, i.e., for a magnetically ordered
system. Experimentally, FeSi does not show magnetic order
at any temperature and Mn,_,Fe,Si only at temperatures a
factor of 10 or more below room temperature where we per-
formed our measurements. Magnetic fluctuations present in
both FeSi and Mn;_,Fe,Si seem to be relevant for the lat-
tice dynamical properties. While calculations assuming a full

magnetic order may overestimate the impact of magnetism,
completely nonmagnetic calculations miss the anomalous
behavior altogether. Unfortunately, lattice dynamical calcula-
tions in a disordered paramagnet are not possible in our code.
We discussed a magnetic origin of phonon renormalization
previously [12], i.e., the question whether the presence of a
magnetic exchange interaction J might affect, i.e., harden, the
phonon energies. Suppressing J by doping might then lead
to the reverse effect, i.e., phonon softening. This question is
worth pursuing since the origin of the phonon softening would
be magnetic but cannot be answered within our current report.
However, it will be very difficult to distinguish magnetically
induced softening and that due to EPC since a change of the
ordered magnetic moment will modify the electronic band
structure and, thus, electron-phonon coupling.

Our results highlight EPC and the evolution of the Fermi
surface as the origin of the renormalization of the R1 phonon
mode with doping. While the strong tendency towards Fermi
surface nesting predicted by MBPP calculations [see Fig. 4(a)]
is unreliable concerning the largely overestimated ordered
magnetic moment (see Table II), the effect of a moderately
increasing eJDOS at the R point is a robust feature also present
in our LAPW-based calculations [see Fig. 4(c)]. Similar cal-
culations using a spin-scaling factor successfully described
the doping dependence of the anomalous and topological Hall
signal for x < 0.4 [32], quantities which are highly sensi-
tive to the FS topology. Implementing full lattice dynamical
calculations based on the LAPW method with spin scaling
is a project beyond the scope of the current report. However,
first estimates for the R1 mode via the frozen-phonon method
based on the LAPW-calculated electronic structure indicate
that the renormalization of the phonon energy with doping is
only half of that predicted by MBPP calculations and, thus,
significantly closer to experimental observations.

In itinerant ferromagnets magnetic order and EPC are
both mediated by conduction electrons. Kim and co-workers
published a couple of reports investigating this scenario theo-
retically in the 1980 s [33—-36]. Most prominently, they found
in model calculations that EPC reduces the magnetization,
potentially by up to lug per magnetic ion. Thus, what is
the impact of an increased EPC to the reduced and finally
suppressed ordered magnetic moment in Mn;_,Fe,Si? Our
MBPP calculations predict a reduction of the ordered mag-
netic moment by 0.2ug per Mn ion for x = 0.2 (Table II)
accompanied by an increase of the overall, i.e., energy- and
momentum-integrated EPC from Agpc = 0.69 for x =0 to
Aepc = 0.84 for x = 0.2. Yet, the increase of EPC is, at least
for the R point, clearly overestimated. Therefore, we need to
wait for full lattice dynamical calculations based on the spin-
scaled electronic structure to establish a correlation between
the EPC and the ordered magnetic moment in Mn,;_,Fe,Si.

VI. CONCLUSION

In summary, the present study establishes that Mn,;_,Fe,Si
exhibits intriguing lattice dynamical properties, showcasing
EPC induced by Fe doping. In sharp contrast to the doping-
dependent decrease of the lattice constants of Mn;_,Fe,Si,
a significant softening and broadening of a phonon mode
propagating along the [111] direction is observed. Based on
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TABLE I. Approximated parameters for the phonon modes observed by inelastic neutron scattering. Fit functions are shown in Fig. 2 and

described in more detail in Appendix A.

x=0 x =0.09 x=0.16
Energy Linewidth Energy Linewidth Energy Linewidth
Mode/peak (meV) (meV) (meV) (meV) (meV) (meV)
R1 21.7+0.1 5.6+04 21.6+0.2 6.7+0.7 21.4+0.7 10.6 £3.7
R2 28.9+0.1 39+£0.2 29.0+0.2 41+£04 29.6 £0.5 47+14
R3 40.2 £ 0.1 25+0.2 39.8+0.2 2.8+0.6 40.2+£0.2 35+04
R4 522+£0.2 34+£05 51.9+£1.2 7.9+£3.0 51.9+0.3 4.6+0.5

our electronic structure and lattice dynamical calculations,
we ascribe the phonon renormalization in Mn;_,Fe,Si to in-
creasingly strong EPC linked to changes of the Fermi surface
geometry upon doping. Spin-polarized calculations can repro-
duce this trend, which is completely absent in nonmagnetic
calculations. However, a more quantitative assessment of EPC
needs to wait until lattice dynamical calculations that take into
account the spin-scaling method are available. In such calcu-
lations, the impact of EPC on the ordered magnetic moment
will be an interesting question to be addressed.
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APPENDIX A: INELASTIC NEUTRON SCATTERING

High-quality single crystals of Mn,_,Fe,Si with x =0,
0.09, and 0.16 weighing about 52, 20, and 6 g were used
for the INS experiments. INS measurements were performed
on the direct-geometry, TOF chopper spectrometer MERLIN
at the Rutherford Appleton Laboratory in Harwell, UK [18].
The MERLIN detectors cover scattering angles from —45° to
+135° horizontally and £+30° vertically. The samples were
mounted on an Al sample holder using thin Al foil and Al
sheet with the (110)-(001) plane of the single crystal as the
horizontal scattering plane. Measurements were taken at room
temperature only. All data [19] were taken with an incident

energy E; = 71.2 meV and covering approximately the same
volume of reciprocal space by rotating each sample over 70°
with angular steps of 0.25°. We used a Gd chopper and a
frequency of f = 400 Hz was chosen to record data. The raw
data were corrected for detector efficiency by normalizing
the intensities using a standard vanadium sample. Data was
reduced using the MANTID package [37] and analyzed using
HORACE [20]. Scattering wave vectors Q = 7 + ¢, where 7
is a reciprocal lattice vector and q is the reduced wave vec-
tor in the first BZ, are expressed in reciprocal lattice units
(2m /a, 27 /b, 27 /c) with the lattice constants a = b =c =
4.55 A of the cubic unit cell (undoped MnSi).

Data for Q = (H, H, H) show four well-defined peaks for
MnSi in agreement with the calculated structure factors. How-
ever, some additional scattering is present at around 14 and
35 meV. Such scattering can appear due to scattering involv-
ing the sample and the sample holder (made out of aluminum)
and, thus, is not eliminated by subtracting an empty-can
scan [38]. Whereas the corresponding intensities are small
compared to the phonon scattering for pure MnSi, the lower
scattering rates in doped samples require that we account for
this scattering in a consistent way. Therefore, we approxi-
mated the additional scattering around 14 and 35 meV by
two additional peaks, obtained the peak parameters for pure
MnSi [gray-shaded peaks in Fig. 2(d)], and fixed the energy
and width in our analysis of the data for x = 0.09 and 0.16
[gray-shaded peaks in Figs. 2(e) and 2(f)]. The approximated
parameters for the energies and linewidths of the four phonon
modes are presented in Table I.

APPENDIX B: INELASTIC X-RAY SCATTERING

The IXS experiments were carried out at the 30-ID beam-
line, HERIX spectrometer [39], at the Advanced Photon
Source, Argonne National Laboratory, with a focused beam
size of 15 um x 35 um. The incident energy was 23.74 keV
[40] and the horizontally scattered beam was analyzed by
a spherically curved silicon analyzer (Reflection 12 12 12)
[41]. The full width at half maximum (FWHM) of the en-
ergy and wave-vector space resolution was about 1.4 meV
and 0.09 A~!, respectively, where the former is experimen-
tally determined by scanning the elastic line of a piece of
Plexiglas and the latter is calculated from the experiment ge-
ometry and incident energy. Phonon excitations measured in
constant-momentum scans were approximated by DHO func-
tions [42] convoluted with a pseudo-Voigt resolution function
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Intensity (arb. units)

20 30 40
Energy (meV)

FIG. 5. (a) IXS spectra (solid symbols) at the M point, Q =
(2.5,2.5,0), measured for x =0, 0.09, and 0.22. Solid lines are
fits to the data consisting of the DHO function convoluted with the
experimental resolution on top of a linear background. (b) Spin-
polarized calculations of the M point phonon structure factors at
Q=(25,25,0) forx =0, 0.1, and 0.2. Finite structure factors are
visualized by resolution-limited Gaussian peaks. Both experiment
and theory indicate phonon softening for the M2 and M3 modes.

(FWHM = 1.4 meV). The resolution function was further
used to approximate resolution-limited elastic scattering at
zero energy transfer. Measurements were done at scattering
wave vectors Q = T + ¢, where 7 is a reciprocal lattice vector
and q is the reduced wave vector in the first BZ. Wave vectors
are expressed in reciprocal lattice units (27 /a, 27w /b, 21 /c)
with the lattice constants ¢ = b = ¢ = 4.55 A of the cubic
unit cell (undoped MnSi). We used high-quality single-crystal
samples. For x =0, 0.09, and 0.16, the IXS samples were
prepared from the specimen previously used for our INS mea-
surements. Samples with x = 0.19 and 0.22 were grown the
same way as that for 0.16, i.e., by the floating-zone method at
the Technical University of Munich. All IXS specimen were
thinned down to a thickness of about 100 um to allow x-ray
scattering in transmission. The samples were mounted in air.
Measured energy spectra at constant-momentum transfer
were approximated using a pseudo-Voigt function for the
resolution-limited elastic peak and a DHO function [42] for
the phonon peaks. The DHO function was convoluted with
the fit of the experimental resolution function. The DHO

(a) e x=0
o x=0.09
T=300 K, IXS

Q=(2,2,0.5)
| — x=0.1
FM DFPT

Intensity (arb. units)

20 30 40
Energy (meV)

FIG. 6. (a),(b) IXS spectra (solid symbols) at the X point, Q =
(2,2,0.5), measured for x = 0 and 0.09. (b) Spin-polarized calcula-
tions of the X point phonon structure factors at Q = (2,2, 0.5) for
x = 0 and 0.1. The experiment reveals the phonon modes with ener-
gies close to that predicted by the spin-polarized DFPT calculations
forx =0and0.1.

function is
_ [n(w) + 11Z(Q)4wl /7

[0 — @2]° + 40T

S(Q, w) , (BI)

where Q and o are the wave vector and energy transfer,
respectively, n(w) is the Bose function, I" is the imaginary part
of the phonon self-energy, @, is the phonon energy renormal-
ized by the real part of the phonon self-energy, and Z(Q) is the
phonon structure factor. This function covers the energy loss
and energy gain scattering by a single line shape. The intensity
ratio of the phonon peaks at £ = £, is fixed by the principle
of detailed balance. The energy w, of the damped phonons
is obtained from the fit parameters of the DHO function by
wy = V‘D; —I'? [43].

Data were collected at high-symmetry points R, M, X, i.e.,
at ¢ = (0.5,0.5,0.5), (0.5,0.5,0), (0,0,0.5) and close to
the I" point at T = (2, 2, 0). Only the scans shown in the main
text, i.e., atthe R[Q = (2.5, 2.5, 2.5)] and close to the I point
[Q = (2,2,0.05)], yielded data where phonon energies and
linewidths could be determined unambiguously. Figures 5 and
6 show exemplary data taken at the M and X points, respec-
tively, along with the respective calculated phonon intensity
distributions. The calculations for x = 0 at M [black line in
Fig. 5(b)] and x = 0.1 at X [black line in Fig. 6(b)] emphasize
that phonons around 25 meV, which might be interesting as
comparison to the behavior of the R1 mode, cannot be ana-
lyzed in detail because peaks are overlapping. Nevertheless,
the calculations predict that the dominating peak near 25 meV
at the M point softens in doped samples [Fig. 5(b)]. On the
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FIG. 7. Ordered magnetic moment of Mn;_,Fe,Si from experi-
ment (triangles [17], dots [6]) and calculated values applying a fixed
(squares) and a variable ssxc factor (spheres).

other hand, the 25-meV peak at the X point shifts to higher
energies for x = 0.09 [Fig. 6(b)]. Both predictions are in
qualitative agreement with the experimental data [Figs. 5(a)
and 6(a)]. Thus, our lattice dynamical calculations do pre-
dict the trends of the doping dependence in Mn,;_,Fe,Si
correctly.

APPENDIX C: COMPUTATIONAL DETAILS, AVERAGE
PHONON ENERGY, ORDERED MAGNETIC MOMENTS,
AND CALCULATED FERMI SURFACES

The present calculations are based on DFT [44,45] and
were performed by two different methods. First, the lattice
dynamics and electron-phonon coupling properties were cal-
culated via DFPT [46] as implemented in MBPP code [47-49]
including collinear spin polarization. Norm-conserving pseu-
dopotentials for Mn/Fe and Si were constructed following
the scheme of Vanderbilt [50] including Mn/Fe 3s and 3p
semicore states in the valence space. Local functions of s,
p, and d symmetry at the Mn/Fe sites were supplemented by
plane waves up to a kinetic energy of 24 Ry. We note that
LDA+U was tested in previous investigations [51,52]. How-
ever, a significant reduction of the ordered magnetic moment
could only be achieved for unreasonably high values of U >
6-7 eV.

Secondly, the electronic properties were obtained via the
full-potential LAPW method implemented within the ELK
code [53,54], and applying a spin-scaling factor (ssxc) in the
exchange-correlation potential [55-57] to obtain a calculated
value of the magnetic moment closer to the experimental one.
For MnSi (mexp: ~ 0.4 uB/f.u.) [6,17], by using ssxc = 0.855
we could reduce the magnetic moment from its generalized
gradient approximation (GGA) value of mgga = lug/f.u. to
Mgsxe N Mexpy- Similarly, for intermediate Fe content on the
alloy (x = 0.05,0.10,0.15) the ssxc value was individually
adjusted to reproduce the experimental magnetic moment (see

TABLE II. First line: ordered magnetic moment of Mn,_,Fe,Si
as predicted in our ab initio calculations for x = 0 — 0.2. Second
line: ordered magnetic moment of Mn;_,Fe,Si for x =0 —0.15
as reported by experiment [6,17] and used for our fixed-moment
calculations. The experimentally observed ordered magnetic moment
for x = 0.2 is zero since the Curie temperature 7¢ reaches zero
temperature at xc ~ 0.17 [5,7].

Methods x=0 x=005 x=0.1 x=0.15 x=0.2

DFT-free moment 1.0 0.95 0.90 0.85 0.8
DFT-fixed moment 0.41 0.28 0.17 0.06 0

Fig. 7 and Table II). Because this approach significantly re-
duces the ordered magnetic moment, it generates changes on
the band structure, i.e., a shift in energy for both spin channels.
For the LAPW-ELK calculations, the core states were treated
fully relativistically, and the semicore and valence states
were computed in a scalar relativistic approximation, neglect-
ing spin-orbit coupling. We chose muffin-tin radii (Rp,) of
2.165 and 1.985 a.u. for the transition metal (Mn/Fe) and Si,
respectively, and a plane-wave cutoff R, X Kn.x = 7.5, with
Kinax as the maximum length for the k vectors. The angular
momentum cutoff for the LAPW functions were expanded up
tol =12.

For both methods, the exchange-correlation potential
was evaluated within the GGA using the Perdew-Burke-
Ernzerhof functional [58], neglecting spin-orbit coupling. The
Brillouin-zone integration was performed using a Monkhorst-
Pack special k-point set of 16 x 16 x 16 with a Gaussian
smearing of 0.03 and 0.1 eV for the ELK and MBPP cal-
culations, respectively [59]. Using MBPP, complete phonon
dispersions were obtained via standard Fourier interpolation
of dynamical matrices calculated on a 4 x 4 x 4 q-point

average phonon energy, w (meV)

345

34.0 -

phonon DOS, F(w)

0 2‘0 4‘0 6‘0
phonon energy (meV)

335 L
0.0 0.1 0.2

xin Mn,Fe Si

FIG. 8. Average phonon energy @ = [ wF (w)dw from nonmag-
netic calculations. The inset shows examples of the computed
phonon density of states F'(w) for two doping levels.
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mesh. For the calculations of electron-phonon coupling ma-
trix elements, a denser k-point mesh of 32 x 32 x 32 was
employed.

The Mn,_,Fe,Si alloy was modeled in the self-consistent
virtual crystal approximation (VCA) [21,25]. In the case of the
all-electron method, the Mn (Z = 25) sites were substituted
by virtual atoms that have a fractional electronic charge (Z =
25 + x) depending on the Fe content (x). In order to keep the
neutrality of the virtual atom, the valence charge was modified
by the same amount. Then, the VCA potential is determined
self-consistently for each x without shape approximation [53].
In the same spirit, the VCA was implemented within the pseu-
dopotential method by generating new pseudopotentials with
a fractional charge (Z = 25 + x) for each x and by adjusting
the valence charge accordingly. All results of this study were
obtained with experimental lattice constants [60] while the
internal parameters were determined via a force-minimization
approach for each Fe content (x).

The nonmagnetic calculations feature negligible coupling
between phonons and electrons and, thus, can serve as a refer-
ence for the expected evolution of the phonon energies in the
absence of electronic effects. We calculated the nonmagnetic
phonon density of states and deduced the average phonon en-
ergy defined by &® = [ wF (w)dw where F (w) represents the
phonon density of states. We find that @(x) increases (Fig. 8)
similar to our expectations based on the evolution of the lattice
constants (Fig. 1).

Calculated Fermi surfaces for x = 0 and 0.15 are shown in
Fig. 9 based on DFT as implemented in MBPP code [Figs. 9(a)
and 9(b)] and the LAPW method implemented in the ELK
code using a spin-scaling factor to fix the ordered magnetic
moment to that observed in experiment [Figs. 9(c)-9(f)]. In
the former, the Fermi surface is fully polarized and only
electrons with spin-up are contributing. Calculations apply-
ing a spin-scaling factor feature a Fermi surface with both
spin-up and spin-down bands. The thus calculated Fermi sur-
face for x = 0 [Figs. 9(c) and 9(e)] is in good agreement
with calculations and corresponding measurements published
recently [28].

— |DFT - free magnetic moment|
(@) o ANl
1N

(b)

iDFT - fixed momenti

(@ 08
0.5

k_[r.lu]

&y 0 — 0
“ 05 05 WV

_—""05

3 A . /‘ 0
O\

W

FIG. 9. (a),(b) Fermi surfaces of Mn;_,Fe,Si predicted by
spin-polarized free-moment DFT calculations for x = 0 and 0.15,
respectively, where the electronic states from the majority spin-up
channel only contribute to the Fermi surface. Colors denote different
bands crossing the Fermi energy. (c),(d) FS predicted by the fixed-
moment DFT calculations for x = 0 and 0.15, respectively, where
the electronic states belong to the majority spin-up direction. (e),(f)
Same as (c),(d) but for the minority spin-down direction.
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